Electromyostimulation is a nonpharmacological prevention method for osteoporosis that is safe and feasible for the elderly and people with physical disabilities. Our previous study demonstrated that random pulse train (RdPT) electromyostimulation of rat quadriceps induces an increase in the mechanical properties of the contralateral unstimulated femoral neck. However, the efficacy of this stimulation on other untested bones is still unclear. The objective of this research is to investigate the response of previously unstimulated bones to single-site electromyostimulation. The left quadriceps of rats were stimulated electrically by periodic pulse train (PrPT) or RdPT with 2 mA-magnitude pulses at 552 μs and a 50% duty ratio. The stimulation effect was examined on the diaphysis of long bones and lumbar vertebrae (L2-L5) by quasi-static mechanical tests and microcomputed tomography analysis. RdPT increased the strain energy at the stimulated left femur but did not change the properties of the other long bones. For the lumber vertebrae, on the other hand, both stimulations showed similar results. The stiffness of lumbar vertebra increased in L2, and the stiffness and the maximum load decreased in L4. Additionally, the BMC (bone mineral content), BV (bone volume), and TV (tissue volume) were reduced in L2, but not changed in L4. The other vertebrae were not affected by the stimulations. In conclusion, RdPT influences not only the stimulated femur, but also the lumbar vertebrae site-dependently as well as PrPT. These findings suggest the whole-body scale effect of electromyostimulation, however, which is not positive in all the bones, requiring further investigations for its clinical applications.
Introduction
Osteoporosis is a progressive disease characterized by decreasing bone mineral density (BMD) or bone microarchitecture deterioration with aging, which eventually results in bone fracture. Osteoporotic fracture in elderly people reduces their quality of life and life expectancy. In most cases, osteoporosis is not properly diagnosed until a bone is broken because of the lack of other symptoms. There are many studies investigating the treatment and prevention of osteoporosis, including pharmacological approaches. Drugs are used as a general treatment but can cause side effects (Gourlay et al., 2003) . In addition to pharmaceutical treatments, physical activities such as walking, running, and jumping are often recommended clinically to maintain bone density and prevent osteoporosis, although the osteogenic effect of mechanical loading differs by age (Plochocki, 2009 ) and activity type (Shibata et al., 2003) . However, these mechanical loading activities can be difficult for elderly people who have poor locomotive ability and are potentially not feasible in some special circumstances, e.g., for bedridden patients or astronauts in a low gravity environment. Therefore, alternative methods are required to achieve the beneficial effect of physiotherapy in difficult conditions and prevent osteoporosis.
Electromyostimulation has been previously studied as an alternative to mechanical stimulation in the prevention of osteoporosis (Lam and Qin, 2008) . Electromyostimulation has been reported to induce muscle contraction and mechanical force in the bone via tendons (Tanaka and Kondo, 2009) , thus resulting in increased bone formation (Tanaka, 2014) , bone loss suppression under unloading conditions (Lam and Qin, 2008) , or decreased muscle mass loss in denervation conditions (Tamaki et al., 2017) . Although the interactions between bone and muscle are still unclear, previous studies demonstrated that muscle contraction influences not only mechanical conditions but also blood circulation (Caulkins et al., 2009 ) and endocrine activity (Elkasrawy and Hamrick, 2010) in bones and muscles. Our previous study demonstrated that electromyostimulation-induced contraction forces are influenced by the frequency and resting time of electrical stimulation (Tanaka and Kondo, 2009 ). This influence is related to muscle fatigue during stimulation (Matsunaga et al., 1999) . A critical factor in eliciting significant osteogenesis is the stimulation pattern of bones by muscle contraction; however, this topic is controversial because it likely has strong nonlinearity between the stimulation amount and the effectiveness (Tanaka et al., 2002; Turner, 1998) .
Random electrical pulse train (RdPT) is a new pattern of electromyostimulation (Takimoto and Tanaka, 2010 ) that increases the mechanical properties not only of the stimulated side of the femora neck but also of the unstimulated contralateral femora neck after quadricep stimulation in rats (Tanaka et al., 2017) . However, periodic electrical pulse train (PrPT) at a fixed repetition frequency of 20 Hz did not show any physiological changes at these sites. It is possible that RdPT is effective in other bones beyond the stimulation site on a whole-body scale. The objective of this study is to identify if these electromyostimulations are capable of enhancing the mechanical properties of bones not only in the femoral stimulation site but also beyond the stimulated site, e.g., in the tibia, humerus, ulna-radius, or lumbar vertebra, in a rat model.
Materials and Methods

Animals
A total of 30 female Sprague-Dawley rats (7 weeks old, 145.77 ± 7.08 g weight) were purchased and housed under standard laboratory condition and provided with free access to food and water. They were randomly divided into three groups (Control, PrPT, and RdPT) with 10 rats in each, where 5 rats were used for investigation of the stimulation effects on long bones, and the other 5 rats for vertebrae, based on our previous study (Tanaka et al., 2017) . In Control group, one rat was lost by death due to unknown cause. The animals were acclimated to the laboratory environment (12 h day-night cycle and 24°C temperature) a week before stimulation. The animals were divided into three groups: the age-matched sham (Control) group, PrPT electromyostimulation group, and RdPT electromyostimulation group. Electrode insertion was also performed on the sham control rats over the stimulation time but without stimulation to confirm that there is no inflammation or mechanical injury due to electrode insertion, which could affect osteogenesis. All the experimental procedures were approved by the Committee on Animal Experimentation of Kanazawa University (Approval No. AP-173865) and were performed according to the guidelines provided by the Institute for Experimental Animals of Kanazawa University.
Electromyostimulation and bone harvesting
The electromyostimulation of rat quadriceps was performed as described previously (Tanaka, 2014; Tanaka et al., 2017; Tanaka and Kondo, 2009 ). Prior to stimulation, the rats were anesthetized with an intraperitoneal injection of pentobarbital sodium. PrPT or RdPT electrical signals composed of 2 mA-magnitude pulses at 552 µs and a 50% duty ratio were generated by a personal computer with Windows OS. The electrical signals were then sent to stainless steel needle electrodes inserted into the left quadriceps of the rats for 30 min a day for three consecutive days. Fifteen days after the last stimulation day, the rats were sacrificed, and the femurs, tibiae, humeri, ulnas-radii, and lumbar vertebrae L2, L3, L4, and L5 were harvested. These bones were cleaned from their soft tissue, stored in saline water, and immediately tested mechanically by using a universal mechanical testing machine (AG-Xplus, Shimadzu, Kyoto, Japan) with a 20kN load cell (Kit number 346-5670431, Shimadzu, Kyoto, Japan).
Mechanical test
The mechanical properties of the femurs, tibiae, humeri, and ulnas-radii were evaluated by the four-point bending test. The bones were placed on the 16 mm-span bottom jig and pressed with an 8 mm-span jig with a displacement speed of 1 mm/min until broken in the posterior-anterior direction for the femurs and the lateral-medial direction for the tibiae, humeri, and ulnas-radii. Maximum load, strain energy, and stiffness were obtained from load-displacement curves. Alternatively, the lumbar vertebrae were tested by a compression test wherein the lumbar vertebrae were placed on the bottom of a compression plate in the direction of the bone axis. Their extended arches were removed, thus making their superior and inferior surfaces parallel. The compression tests were performed at a speed of 1 mm/min until a 5 mm displacement was observed. The maximum load, strain energy, and stiffness at a displacement less than 4 mm, which is approximately half of the vertebrae height, were obtained from the load-displacement curves. In both type of tests, stiffnesses were calculated with a linier regression's slope of the initial linear region (Fig. 1) .
Fig. 1 Typical load-displacement curves of bending test on a long bone (a), and compression test on a vertebra (b).
Stiffness was calculated with a linier regression's slope of the initial linear region. Strain energy was evaluated at a breaking point in the bending test and at 4-mm displacement in the compression test.
Microcomputed tomography
The lumbar vertebrae were scanned using a microcomputed tomography (µCT) system (InspeXio SMX-90CT Plus with HPC InspeXio high-performance computing system, Shimazu, Kyoto, Japan) before they were tested mechanically. Every scanning day, the vertebrae images were calibrated using the Phantom Ratoc system with a five-cylinder calibration phantom, which has a set of graduated mineral concentrations of 100, 300, 400, 200, and 500 mg/cm3 (1508-113_No06_U5D1 mmH, Ratoc System Engineering, Tokyo, Japan). The scanning process was set to a resolution of 0.040 mm/pix and machine conditions of 90 kV and 110 µA. From the µCT images, BMD, volumetric BMD (vBMD), bone mineral content (BMC), bone volume (BV), and tissue volume (TV) were analyzed using a 3D bone morphometric analysis software (TRI/3D-BON, Ratoc System Engineering, Tokyo, Japan).
Data analysis
To assess the statistical significance of the effectiveness of electromyostimulation treatment among the groups, the results were analyzed with Kaleidagraph Software (Version 3.6; Synergy Software, PA, USA). ANOVA with Dunnett's post-hoc tests were performed to compare the three experimental groups. Paired t-tests were conducted to compare the left and right bones. A p value of 0.05 or lower indicated statistical significance.
Results
Body weight
The body weight of the animals did not show any significant differences among the different treatment groups on the first day of stimulation, with average weights of 171.75 ± 10.72, 172.70 ± 12.22, and 171.05 ± 6.06 g for the control, PrPT, and RdPT groups, respectively. Furthermore, the body weights were not significantly different on the day of sacrifice: 212.13 ± 14.73, 210.76 ± 10.42, and 208.09 ± 9.09 g for the control, PrPT, and RdPT groups, respectively. These results show the equality of conditions of all rats even in different treatment groups and that electromyostimulation did not affect their body weights.
Mechanical properties of the diaphysis of the long bones
Four-point bending testing on the diaphysis of the femurs showed that the strain energy of RdPT-stimulated left femurs has a significantly larger increase than that of unstimulated contralateral right femurs by 46.32% (p < 0.05) (Fig. 2) . Other mechanical properties such as the maximum load and stiffness of the femur did not show significant differences between the left and right sides. Furthermore, electromyostimulation to the left quadriceps did not significantly influence the mechanical properties of the diaphysis of the other long bones, namely, the tibiae, humeri, and ulnas-radii (Table 1) . However, in the case of an incomplete fracture of the ulna-radius, the strain energy could not be analyzed (data unavailable). 
Mechanical properties of the lumbar vertebrae
Compression testing on the L2 demonstrated a significant increase in bone rigidity in the RdPT group by 53.90% (p < 0.05), also an increase in the PrPT group by 17.57% compared with the control (Fig. 3) . However, RdPT stimulation significantly decreased the stiffness of the L4 by 39.22% (p < 0.05), and the maximum load by 8.39% compared with the nonstimulated control (Table 2) . PrPT stimulation also decreased the stiffness of L4 by 11.11% and significantly reduced the maximum load by 13.32% (p < 0.05). Furthermore, no significant changes in mechanical properties were observed in the L3 or L5 after the stimulation. Fig. 3 Comparison of the mechanical properties of the L2 vertebrae: (a) maximum load, (b) strain energy, and (c) stiffness. The stiffness of the RdPT group was increased significantly by electromyostimulation to the left quadriceps. The value and error bar show the average and standard deviation of four samples for Control, five samples for PrPT and PdPT. Table 2 Comparison of the mechanical properties of the L2, L3, L4, and L5 vertebrae. The mechanical properties did not change as a result of electromyostimulation to the left quadriceps, except the stiffness of L2 and L4 in the RdPT group and the maximum load of L4 in the PrPT group. The average and standard deviation of four or five samples were indicated for Control or for PrPT and PdPT, respectively. * p < 0.05 vs. control. Figure 4 shows the representative microstructure of the L2, the findings suggested that no remarkable differences existed among the groups. Fig. 5 presents a comparison of the microstructure parameters of the L2 among the groups as a representative of the vertebrae. There was no significant difference between the BMD and vBMD in the L2 in the groups. Significant differences were observed in the other microstructural parameters of the L2. RdPT and PrPT reduced the BMC of the L2 by 6.90% (p < 0.05) and 7.30% (p < 0.05), respectively, compared with the control. These stimulation-induced decreases were also observed in the BV and TV of the L2. However, there were no significant differences in the other lumbar vertebrae when observing the microstructural parameters among the groups (Table 3) . Table 3 Comparison of the microarchitecture of L2, L3, L4, and L5. The stimulation influenced only the microarchitecture of L2 but not those of L3, L4, and L5. The average and standard deviation of four or five samples were indicated for Control or for PrPT and PdPT, respectively. * p < 0.05 vs. control.
Bone microarchitecture of the lumbar vertebrae
Discussion
Electromyostimulation has been previously reported to induce osteogenesis or increase the mechanical properties of the stimulated bone (Lam and Qin, 2008; Tanaka, 2014; Tanaka et al., 2017) . The systemic effectiveness of the electromyostimulation beyond the stimulation site is still unknown. In our previous study, RdPT, which is a new type of electromyostimulation, influenced the bone mechanical properties not only at the stimulated site but also at an unstimulated site (Tanaka et al., 2017) . It is possible that multiple distant bones underwent neuronally regulated adaptation to the mechanical stimulation of a single bone (Rubin and Rubin, 2008; Sample et al., 2010) ; however, this topic requires further investigation (Sugiyama et al., 2010 ). In our current study, electromyostimulation did not show any effects on the mechanical properties of long bone diaphysis except in the stimulated femur (Table 1) . This result suggests the limited remote effect of electromyostimulation on the distant long bones, which may be due to the delay or decay of neural signals over long distances from the stimulation site and/or due to a reduced response of cortical bones to the stimulation (Rubin et al., 2002) .
The mechanical and/or microstructural properties of the vertebrae (L2 and L4) and femoral neck (Tanaka et al., 2017) were changed in response to electromyostimulation, thus suggesting that the remote effect of the stimulation could appear in trabecular bone but not in cortical bone. The richness of the nerve fiber in the proximal end of the femur has been reported previously (Mach et al., 2002) , thus implying that the trabecular bone underwent neuronally regulated adaptation, which can also expand to the lumbar vertebrae by innervation (Buonocore et al., 2010) . Connectivity exists via the network of nerves between each lumbar bone and femur or tibia (Rigaud et al., 2008 suggests that electromyostimulation at the quadriceps could be selectively sensed by the nerves and could influence the metabolism, mechanical and/or microstructural properties of the distant bones via the neural network. It has been known that osteogenesis could be modulated by neurotransmitters from the sympathetic nervous system, which affects osteoblastic and osteoclastic activities (Takeda et al., 2002) . The sensory nervous system can also influence bone formation by neuropeptides (Valentijn et al., 1997) . Sympathetic nerves in the periosteum and the bone marrow cavity of the femur could be exposed by the electrical current of electromyostimulation (Takimoto and Tanaka, 2009) . It is possible that neurotransmitters and neuropeptides are induced in the lumbar vertebrae by signals from the stimulated femur via the nervous system. This neurological signaling may contribute to the changes in mechanical properties and/or microstructural parameters in the L2 and L4 in the current study. Although the general periodic stimulation patterns of electromyostimulation have been reported to increase bone mechanical properties (Lam and Qin, 2008; Qin et al., 2010; Tamaki et al., 2014) , RdPT may have a higher capability of reinforcing bone mechanical properties. A geometric probability distribution was used for RdPT in this study. This probability is characterized by discreteness and memoryless, with which bones could avoid desensitization to the stimulation (Robling, et al., 2002) , consequently providing a better response to the stimulation than PrPT (Tanaka et al., 2017) . Bone mechanical properties depend on the protein-mineral ratio and enzymatic cross-linkage (Depalle et al., 2015; Paschalis et al., 2004; Saito et al., 2006; Viguet-Carrin et al., 2006) . The increased stiffness of L2 by RdPT suggests that stimulation-induced neural signals promote the enzymatic cross-linking of collagen fibers at the lumbar vertebra despite the insignificant difference of BMD among the groups (Fig. 5a) . Similarly, the strain energy should be affected by the cross-linking, although there was no significant difference among the groups (Fig. 3b) , probably due to the limited displacement up to 4 mm. On the other hand, the microarchitectual parameters of L2, i.e., BMC and TV, were significantly smaller in RdPT than those of control ( Fig. 5c and e) . The extent of collagen cross-linking of bone matrix affects the differentiation of bone cells (Ida et al., 2018) . Therefore, we speculated that the cross-linking of collagen fibers could suppress bone remodeling and growth. Nevertheless, this hypothesis is applicable to L2, but not to L3 and L5, wherein the mechanical properties were unaffected (Table 2) . Contrarily, L4 showed a decreased stiffness in RdPT stimulation. Unlike the other vertebrae connected to the femoral nerve or the sciatic nerve, only L4 is connected to both nerves (Rigaud et al., 2008) , so that could be affected by different signal transduction pathway. Therefore, the RdPT effect is so site-dependent in the vertebrae. In any case, the positive effect of RdPT was limited to the stiffness of L2, and there were no obvious differences between RdPT and PrPT in the vertebrae.
It is noted that nonosteoporotic young rats were used in this study. These young rats are known to have adaptive bone remodeling; however, bone formation is more dominant than bone resorption. Although our data imply the similar effects of RdPT electromyostimulation in osteoporotic rat models, the data should be validated using them to confirm its applicability to the prevention of osteoporosis. In this study, we investigated the effect of stimulation on distant long bones at the diaphysis of the cortical bone. The epiphyseal trabecular bone of the long bones should be investigated for a remote effect from electromyostimulation. In addition to neural network effects, other possibly related factors (e.g., hormonal system, circulation system, immune system, and bone growth factor) may explain the results and should be investigated and discussed.
Conclusion
In conclusion, the remote effect of electromyostimulation on the mechanical and microstructural properties of bones in rats was investigated at a whole-body scale. Only RdPT at a femur increased the mechanical properties of the stimulated femoral diaphysis, but did not affect those of the diaphysis of the other long bones at unstimulated sites as well as PrPT. However, the lumbar vertebrae showed changes in mechanical and/or microstructural properties after each type of stimulation depending on the site of the vertebra. These findings suggest a possibility for the use of electromyostimulation as a novel physical therapy for osteoporosis in whole-body scale. However, the optimization of the stimulation conditions is still required for to give positive stimulation effects to all the bones toward clinical applications.
